Introduction
Interconversions of organic substrates involving hydrogen transfer constitute a broad class of industrially relevant chemical reactions. Either in molecular form or in the form of protons and hydrides, hydrogen is added, abstracted or shuffled between organic compounds in reactions that are almost universally catalytic. Efficient catalysis can promote both addition of hydrogen in a reductive process and hydrogen abstraction in the oxidative process. Moreover, multistep reactions involving oxidative, reductive and bond-forming events are also possible given that the right catalyst and conditions are ensured. As a result, a vast number of interconnected reactions are accessible via (de)hydrogenative catalysis (Scheme 1). Obtaining control over these reactions would grant chemists access to a wide variety of useful synthons and building blocks. In this setting, homogeneous catalysis becomes a powerful tool that allows desired products to be obtained via multiple catalytic pathways. 
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In this Review we present a critical analysis of the recent advances in catalytic (de)hydrogenation with 3d transition metal complexes enabling efficient transformations of amines, alcohols and their oxidized counterparts bearing imine, carbonyl or carboxyl functions (Scheme 1). As reactions in Scheme 1 can be split into several categories depending on their nature, we will structure our Review accordingly.
The first group of reactions are reductive transformations of carbonyl compounds, carboxylic acids and their derivatives. Important products such as alcohols and amines are produced through these transformations. Importantly, the reactivity of the carbonyl moiety in the reaction substrates varies greatly depending on the nature of the substrate and the electrophilicity of the carbon in the CQO unit; whereas aldehydes are relatively easy to reduce, carboxylic acid derivatives present a greater challenge for the reduction due to their significantly lower electrophilicity. 1 The common lab-scale synthetic approaches for the reduction of polar oxygenates and their nitrogen-containing counterparts often rely on the use of stoichiometric highly reactive reagents. One of the early protocols for the reduction of esters and carboxylic acids involved the use of metallic sodium in ethanol, known as BouveaultBlanc-reduction. 2, 3 This method was later abandoned in favour of milder and more versatile metal-hydride reagents such as LiAlH 4 and NaBH 4 . 4 Despite the high efficiency of the respective synthetic protocols, their main drawback is the stoichiometric nature and, as a result, the production of large amounts of inorganic by-products. Furthermore, the high reactivity of inorganic hydrides may present potential safety hazards limiting their large-scale applicability. 5 Alternatives to stoichiometric methods are catalytic processes that utilize molecular hydrogen as a reducing agent. Indeed, H 2 reductant is atom efficient and cheap and so far a large number of noble metal catalysts for hydrogenation have been developed. [6] [7] [8] Because they rely on the use of molecular hydrogen or a less reactive hydrogen source, 9 catalytic hydrogenations pave the way for sustainable processes with a high degree of control over reaction rates and selectivity. Sections 3.1 and 3.2 of this Review will cover these reductive transformations.
The reverse process of hydrogenation is the oxidative conversion of organic molecules with the release of H 2 commonly referred to as acceptorless dehydrogenation. In view of the microscopic reversibility principle, both types of processes can potentially be carried out with the same catalysts. Apart from the trivial dehydrogenative transformations, e.g. synthesis of ketones from alcohols, catalytic dehydrogenation is notable for two important applications. The first one includes dehydrogenative coupling reactions (Scheme 1) 10 where reaction between several molecules yields a coupling product through a sequence of dehydrogenation and bondforming reaction. Examples discussed in this review will among others include synthesis of esters from alcohols, or imines and amines via amine/alcohol couplings. As the products of dehydrogenative transformations can be as useful as their fully reduced counterparts we include extensive discussion on dehydrogenation catalysis in Section 3.4 of this Review.
When acceptorless dehydrogenation is performed on small molecule substrates such as methanol and formic acid, 11 the released H 2 is considered to be the target product of the transformation. These substrates are, therefore, acting as hydrogen carriers that produce pure H 2 with carbon dioxide being the only by-product of the dehydrogenation. Such gas feed, provided it is free of catalytic poisons like CO, can be directly utilized for fuel cell applications. 12, 13 Such processes together with the chemical pathways to regenerate formic acid and methanol substrates from CO 2 have great potential for energy applications and will be described in Section 3.3 of this Review. With very few exceptions, Ru-based complexes are currently among the most active homogeneous (de)hydrogenation catalysts. 8, 14 Many of them allow stable operation at metal loadings below 100 ppm in various reductive and oxidative transformations. [15] [16] [17] Nevertheless, the utilization of such catalysts has several important limitations related to the high price and low abundance of ruthenium and, more importantly, the toxicity of noble metals for the living organisms. The latter represents a particularly important issue when catalytic transformations are being developed for the production of pharmaceuticals. The removal of the toxic metal residues from the final product to an acceptable level 18 can drastically increase purification costs. In recognition of these challenges, the focus of the catalytic community had been gradually shifting in the last decade to the development of new catalyst systems based on the first row transition metals, which are both abundant and less-or non-toxic in contrast to the conventional noble metal active components. 19 This review will describe the rapid development of the Fe, Co and Mn-based catalysts that occurred within the last few years and gave rise to a new class of noble metal-free (de)hydrogenation protocols. As we aim at encompassing several fields where the progress has been reviewed in the past, we will guide the reader to specialized review works in the introduction to corresponding sections. This review is structured as follows: in Section 2 we will briefly introduce common synthetic and reactivity concepts for the key catalyst motives discussed throughout the review. Section 3 presents an overview of the catalytic properties and substrate scopes of Fe, Co and Mn-based homogeneous catalysts. This section is organised into subsections addressing individual reaction types that for the reader's comfort will follow the nomenclature and classification introduced in Scheme 1. Each subsection will be concluded with the summary of common reaction conditions, while the substrate scopes in full can be found in the ESI † of this Review. The overview of the catalytic data is followed by Section 4, where we discuss and critically assess the different mechanistic proposals, which have been put forward to rationalize the observed reactivity trends. The review is concluded with Section 5, where we highlight current challenges and prospects of catalytic (de)hydrogenation chemistry with nonnoble metal homogeneous catalysts.
Ligand design, complexation and reactivity features

Ligands and metal-ligand cooperation
Ligand systems utilized for the first row transition metal catalysts often resemble or fully mimic those successfully employed for Ru-based catalysis. Among the various available ligand platforms, pincer ligands hold the upmost prominence and are featured in a vast majority of active catalysts regardless of the metal used. The application of pincer ligands in catalysis [20] [21] [22] and their role in bond activation 14, 23 have been the subject of several excellent reviews published in the last decade. Defined as tridentate ligands, 24 pincers are typically comprised of a backbone and two sidearms. Lutidine-derived pincer ligands put forward by Milstein and co-workers (Scheme 2, A) were historically among the first pincers used for catalysis by early transition metals. The replacement of the methylene arms in A for the amine linker gives rise to a well-established diaminopyridine-based ligand family B, 25 while the replacement of the aromatic backbone with the aliphatic one yields the ligand family C, which in this review will be referred to as the aminopincers. The variations of these three main ligand motifs dominate the current state of the art in the base metal catalysed (de)hydrogenation chemistry. Nevertheless, other remarkable ligand systems will be given an extensive mention (M, for miscellaneous in Scheme 2). The prevalence of pincer ligands is often explained by the combination of the high metal binding strength, expected for tridentate ligands, and their ability to form a bifunctional reactive ensemble capable of promoting chemical transformations in cooperation with the metal centre upon complexation. This property is inaccessible for the more conventional ligand platforms 26 as it yields catalysts with two distinct metal-and ligand-centred functional groups that are both necessary for the catalyst to operate. Such catalysts are typically referred to as bifunctional. Setting aside the debates on the degree of involvement of the cooperative ligands in catalysis, 27, 28 we will discuss the basic principles behind the bifunctional catalysis phenomenon in view of the fact that the vast majority of catalyst systems discussed in this review are at least potentially bifunctional. The acid-base bifunctionality in pincer complexes is enabled by the presence of the cooperative site in the ligand backbone or sidearm (Scheme 3). For the lutidine-based A-metal complexes, such a reactive site is provided by the pyridilmethylenic fragment, Ar-CH 2 -, that can be deprotonated by a strong base resulting in the dearomatization of the ligand and the formation of a coordinatively unsaturated complex. Similarly, C-metal pincers produce five-coordinate species upon deprotonation of the central NH fragment that is transformed into a metal-bound amide. For both A and C ligand platforms, the reaction with a strong base yields a reactive system containing a highly basic site on the ligand vicinal to the coordinatively unsaturated metal centre exhibiting elevated Lewis acidity. The formation of such an acid-base pair is often invoked in the mechanistic proposals for the substrate activation over bifunctional catalysts (Scheme 3).
To summarize, a vast majority of ligands employed for base-metal catalysis described in this review are tridentate pincer ligands. These pincers are almost exclusively nitrogencentred and contain strongly donating phosphine ligands as sidearms. The selection of pincer ligands in mainly motivated by their ability to engage in metal-ligand cooperative behaviour (see Scheme 3) that is known to facilitate substrate activation in both late and early transition metal complexes. The latter is also one of the major reasons for the use of the less common bidentate and tetradentate ligands (Scheme 2) that can engage in MLC behaviour as well.
From complexation to reactivity
The coordination chemistry of 3rd row transition metals can be strikingly different from that of their heavier 4d and 5d counterparts. Unlike the preparation of noble metal complexes, that is typically straightforward, complexation of Fe, Co and Mn may require different approaches for different metals and face several limitations that we will briefly describe in this section for A, B and C family of pincers. Similar to the noble metal counterparts, base metal catalysts for hydrogenation are often activated by introducing the hydride ligands, and therefore this reactivity will be briefly described. The reader is also referred to a series of recent reviews on metal hydride chemistry for further insight. [29] [30] [31] All the Fe complexes described in this review are Fe(II) species. Complexation of iron to lutidine-based ligands A was described in detail by the group of Milstein. 32, 33 The authors employed a reaction of the PNP pincer with iron bromide followed by treatment with CO (Scheme 4). Depending on the substitution pattern on the phosphine donors the resulting iron carbonyl dibromides can be transformed into the corresponding hydrides via two pathways. A mono hydride (A-Fe-1, Scheme 4) complex was prepared with the i Pr substituted PNP ligand by treatment with NaHBEt 3 and dihydride species (A-Fe-2, Scheme 4) were prepared from the t Bu substituted PNP precursor by treatment with NaBH 4 . Similarly, ligands B featuring amine linkers also complex readily with FeBr 2 in the presence of CO. A one pot complexation with FeBr 2 followed by NaHBEt 3 treatment yields bromohydridocarbonyl species B-Fe-1. Further reaction of B-Fe-1 with sodium borohydride results in elimination of the remaining bromide ligand to produce a BH 4 -bound complex. 34 In the absence of CO, the complexation with FeBr 2 can be used to generate the five-coordinate Fe-PNP dibromide complex, 35 which can be further converted to a stable polyhydride complex B-Fe-H 4 . 36 The complexation of aminopincer ligands C with iron is typically carried out following reaction pathways analogous to those employed for ligands A and B.
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Most of the Co catalysts falling in the scope of this Review are prepared in a straightforward reaction via the direct coordination of CoCl 2 with an appropriate ligand. The reaction typically yields dichloro cobalt(II) species used as a precatalyst; however other oxidation states of Co (1+ and 3+) are also encountered across the field. One of the first Co catalysts disclosed by Hanson and co-workers 38 is prepared from a C-type aminopincer ligand and a rather unusual (Py) 2 Co(CH 2 SiMe 3 ) 2 precursor (Scheme 5). 39 The resulting amide complex could be readily protonated with Brookhart's acid 40 to form the amine-centred Co(II) complex. The C aminopincers also form complexes with Co(I) centres. A typical example of such complexes was described by Bernskoetter and co-workers, 41 who studied the formation of Co(I) pincers and isolation of Co(I) hydride complexes. The reaction of the methylated C ligand with the Co(PPh 3 ) 3 Cl precursor (Scheme 5)
led to the formation of a tetragonal C-Co chloride complex, which converts to a five-coordinate dicarbonyl C-Co species with a meridionally bound ligand in the presence of CO. The subsequent treatment with sodium trialkylborohydrides produces the Co(I) hydride complex. Manganese, similarly to Co, is prone to forming complexes in several oxidation states. As we will discuss in the following sections, the 1+ oxidation state of Mn appears to be a strict requirement for the catalytic activity that inflicts considerable synthetic limitations. The preparation of Mn(I) complexes for hydrogenation faces a major and rather unexpected pitfall that is related to the lack of appropriate Mn(I) precursors. More importantly, Mn(II) coordination compounds that are generally prepared with ease from the corresponding halide salts MnX 2 cannot be used to produce Mn(I) species, which restricts the researchers to a very limited selection of Mn(0/I) carbonyl precursors among which Mn 2 (CO) 10 and Mn(CO) 5 Br are the most commonly used. As a result, the carbonyl ligands stabilising the Mn(I) centres are often retained upon the complexation with the pincer ligand. As the replacement of carbonyl ligands is usually difficult, their presence limits the potential diversity of the reactions available for the manganese complexes. Nevertheless, Mn hydrides can be prepared from the corresponding L-Mn carbonyl bromides or amide complexes as was demonstrated, for example, by Gauvin and co-workers (Scheme 5). 42 3. Catalysis: activity, reaction and substrate scopes Similar to their noble counterparts, base metal complexes catalyse a range of (de)hydrogenative transformations that were classified earlier in Scheme 1. In this section we will discuss them starting from reduction with molecular hydrogen (Section 3.1). We will further cover catalytic reduction with other hydrogen donors (transfer hydrogenation, Section 3.2) and proceed to a more convoluted chemistry.
We will first discuss hydrogenation and dehydrogenation chemistry of simple C1 molecules, most notably CO 2 , formic acid and methanol, that is related to hydrogen storage and production (Section 3.3). The last section (Section 3.4) will deal with dehydrogenations and dehydrogenative coupling reactions that can be used in synthesis applications for the production of complex organic molecules.
For readers' comfort, the catalytic results are introduced separately for particular ligand/catalyst classes. Within a particular class of catalysts the description is started with more facile transformations and concluded with the challenging ones. Schemes in Section 3 summarize the data described in every sub-section to provide the complete yet condensed overview of recent achievements in the field. other early transition metals. The reactivity of Fe catalysts in reductive transformations [43] [44] [45] [46] [47] and general organic synthesis 48, 49 has been described in recent comprehensive reviews. In this review we will limit the description of the Fe catalysis to the seminal examples, recent discoveries and related mechanistic concepts.
One of the first well-defined Fe catalysts for ketone hydrogenation was reported by Morris and co-workers, who described a large family of Fe complexes based on tetradentate iminophosphine ligands. A representative example of this catalyst family is the M-Fe-0 complex bearing a tetradentate PNNP ligand (Scheme 6) that allowed an efficient reduction of acetophenone to phenylmethanol under very mild conditions, namely in the presence of less than 0.45% mol Fe at 50 1C and 25 bar H 2 . 50 Interestingly, previously described Fe complexes with a cyclohexyl linker connecting the N-donors in the PNNP ligand 51 were much less active for the reduction with molecular H 2 , but showed a substantial activity in the transfer hydrogenation reaction, which will be the subject of the next section. A major advance in catalytic ketone hydrogenation with Fe complexes was made by the group of Milstein, who developed an A-Fe-1 iron PNP pincer catalyst. For this catalyst, a performance comparable to that of the M-Fe-0 could already be reached when operating at a catalyst loading of only 0.05% mol at room temperature and a very low H 2 pressure of 4.1 atm. 33 The substrate scope of A-Fe-1 included substituted acetophenones, conjugated diketones and substrates containing CQC double bonds. While the majority of the substrates were converted in good yields, the presence of amino-and nitrile-functional groups diminished strongly the activity. The A-Fe-1 catalyst showed only a moderate chemoselectivity in the hydrogenation of unsaturated ketones by retaining at best 20% of the CQC double bonds present in the substrate at full conversion. Finally, the authors reported significantly lower activity of A-Fe-1 in the hydrogenation of benzaldehyde, providing 36% yields with an elevated catalyst loading of 0.125%. Interestingly, the aldehyde hydrogenation with the A-Fe-1 catalyst was later improved. The modest activity of A-Fe-1 in the hydrogenation of benzaldehyde could be promoted in the presence of trimethylamine or acetophenone. It was proposed that the transient formation of carboxylic acid (presumably via the KO t Bu-mediated Cannizzaro reaction) could deactivate the catalyst, while NEt 3 and acetophenone were preventing the acid formation.
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The dihydrido-Fe complex A-Fe-2 (Scheme 6) from the same catalyst family also shows a pronounced activity in the hydrogenation of activated esters under mild conditions (40 1C, 5-25 bar H 2 pressure). A range of trifluoroacetates were converted in good yields at ca. 0.5-1% mol A-Fe-2 catalyst loading in the presence of NaOMe base. 53 Subsequent work by the same group has demonstrated that activated amides can also be converted using related A-Fe-1 catalysts in the presence of the KHMDS base promoter. The utility of iron-catalysed hydrogenation was later extended to unactivated esters with the development of the aminopincer Fe catalysts based on the ligand family C (Scheme 6). The groups of Beller 58 and Guan 59 independently reported the use of catalyst C-Fe-1 for the conversion of various esters to the corresponding alcohols at 1-3% mol catalyst loading under 10-50 bar H 2 pressure and a temperature of 100-135 1C. It was observed that C-Fe-1 can be successfully employed under base free conditions and its activity is somewhat hampered when alkoxide bases are introduced as additives. It was also shown that the addition of lithium chloride, methylsulfonic acid or CO completely deactivates the catalyst. 58 Interestingly, the less bulky complex C-Fe-2 was later found to show improved performance in ester hydrogenation by Beller and co-workers, 60 who showed that the increased steric bulk was negatively affecting the catalytic activity. Recent work by Langer and co-workers further expanded the utility of Fe-aminopincer catalysts to the selective hydrogenation of amides, which constitute particularly challenging substrates for homogeneous hydrogenation. After a careful evaluation of the ligand substituent effects, the authors identified catalyst C-Fe-2 (Scheme 6) bearing less bulky ethyl substituents as opposed to other catalysts in the study as a potent amide hydrogenation catalyst operating at 2-10% mol loadings, 50 bar H 2 pressure and 70-100 1C under base-free conditions. 37 Subsequently, Sanford and co-workers 61 showed that the activity of an analogous catalyst C-Fe-3 can be significantly improved by using the K 3 PO 4 additive. The combination of C-Fe-3 and K 3 PO 4 allowed achieving a full conversion of a series of formamides to the corresponding amines and alcohols at only 0.33% mol catalyst loading that corresponds to ca. 300 catalytic turnovers (TON) at the full substrate conversion and up to 1000 turnovers at lower catalyst loadings. At the same time Bernskoetter and co-workers disclosed a similar five-coordinate Fe hydride catalyst C-Fe-4 that was particularly efficient for the hydrogenation of formamides, reaching TONs of up to 4430 at 0.018% mol catalyst loading at 30 atm H 2 pressure and 100 1C for a variety of formamides. 62 The utilization of Fe-based homogeneous catalysts in challenging nitrile hydrogenations including that of bisnitriles has been described by Beller and co-workers. A high activity of catalysts C-Fe-3 63 or C-Fe-1 64 (Scheme 6) could be achieved in isopropanol solvent at 30 bar H 2 and 70-130 1C in the absence of base additives. It was noted that the methylation of the NH group of the pincer ligand renders the catalyst inactive in the hydrogenation of nitriles. The C-ligated iron aminopincers remain among the most versatile hydrogenation catalyst family to date with the potential to hydrogenate the vast majority of polar substrates discussed in this review. An elegant extension of the aminopincer ligand family has been recently described by Milstein and co-workers, who implemented the bis(2-diisopropylphosphinobenzyl)amine ligand forming more flexible 6-membered ring chelates with iron centres. 65 The resulting catalyst M-Fe-1 features only one phosphine donor of the ''PNP'' ligand bound to the iron centre.
In the presence of 1-5% mol catalyst, NaHBEt 3 additive and KHMDS, a wide range of aliphatic and aromatic nitriles could be successfully converted into the corresponding amines at 140 1C and 60 bar H 2 pressure. Interestingly, another representative of the aminopincer platform, catalyst M-Fe-5, was able to convert nitriles to symmetric imines. Under the optimised conditions of 30 bar H 2 and 90 1C, M-Fe-5 provided excellent selectivity to symmetric imines with retention of the CQN double bond and no overreduction of the target product. 66 Asymmetric ketone hydrogenation with Fe pincer catalysts has been recently described in several reports. Zirakzadeh and co-workers reported a series of M-Fe-6 (Scheme 6) catalysts 67 operating at 1% mol loading under 20 bar H 2 pressure in isopropanol. Further work by Morris and co-workers 68 focusing on the use of M-Fe-7 and related catalysts reported a significant improvement in catalytic performance. The authors obtained excellent conversions of substituted acetophenones at 50 1C and 10 bar H 2 pressure in the presence of only 0.1% mol catalyst and 1% mol KO t Bu promotor. Catalysis was highly stereoselective allowing for ee up to 96%, an improvement over M-Fe-6 that showed a maximal ee of 81%.
Apart from the complexes with pincer ligands, a potent iron hydrogenation catalyst can utilize the cyclopentadienone ligand motif that gives rise to a broad family of efficient carbonyl hydrogenation catalysts. [69] [70] [71] [72] [73] One of the early reports by Beller and co-workers 74 demonstrated the utility of the M-Fe-2 cyclopentadienyl iron tricarbonyl catalyst for the reduction of aromatic, aliphatic and unsaturated aldehydes under watergas shift reaction conditions. The catalyst operated at 100 1C under 10 bar CO pressure in the presence of water and 1-5% mol loading. Further research by the same group resulted in the development of a direct H 2 reduction of similar aldehyde substrates using M-Fe-2 and M-Fe-3 catalysts and their analogues. The careful optimization of the reaction conditions that involved the use of i PrOH/H 2 O solvent with a K 2 CO 3 additive allowed lowering the catalyst loading to o1% level. 75 An elegant modification of the cyclopentadienone ligand motif with an (R)-BINOL backbone was recently described by Pignataro, Piarulli, Gennari and co-workers. The authors obtained catalyst family M-Fe-4 capable of asymmetric ketone hydrogenation with ee up to 77%. 76, 77 The utility of iron cyclopentadienone catalysts was recently expanded to the hydrogenation of activated esters. 78 Lefort and Pignataro and co-workers used M-Fe-2 at 1% mol loading to convert a series of trifluoroacetates in quantitative yield at 70 bar H 2 and 90 1C.
It was found that the presence of a triethylamine base was crucial for the catalytic performance as the base was required for the neutralization of the trifluoroacetic acid that was formed as an intermediate and poisoned the catalyst. In summary, Fe hydrogenation catalysis reached the extent of development comparable to that of noble metal counterparts when substrate scopes are concerned (Scheme 7). However, the activity of the majority of Fe-based catalysts remains inferior to that of Ru catalysts. This difference is pronounced to a large extent for hydrogenation of more challenging substrates, e.g. esters, where Ru-based catalysts outperform the Fe-based ones by a significant margin. For example, typical loadings for Ru ester hydrogenation catalysts vary in the range of 0.00125-0.01% mol 16,17 under otherwise similar conditions.
Cobalt.
Research on cobalt-catalysed hydrogenation reactions is significantly less abundant compared to that involving Fe and even Mn systems. Nevertheless, the reported cobalt systems show outstanding and often quite unique catalytic performance.
One of the first defined Co catalysts for reduction of polar CQO and CQN bonds with H 2 was described by Hanson and co-workers as early as 2012. 38 A Co(II) alkyl species C-Co-1 (Scheme 8) showed a remarkable reactivity towards hydrogenation of olefins, ketones and aldehydes. Reactions were carried out at 1-4 atm H 2 pressure and at 25-60 1C and provided 490% yields for most substrates in the presence of 2% mol catalyst (Scheme 7). Reduction was found to tolerate carboxylic acid, ester, tertiary amine, halide and alcohol functional groups. Remarkably, hydrogenation of styrene was also unaltered by the addition of 10% mol water.
Later work by the group of Milstein established the activity of Co lutidine-based pincers in the hydrogenation of esters. Catalyst A-Co-1 (Scheme 8) containing a PNN H pincer ligand with a secondary amine sidearm showed a significantly higher activity compared to its PNP or tertiary amine PNN pincer counterparts. 79 The catalyst operated at 2-4% mol loading in the presence of 8% mol NaHBEt 3 additive required for catalyst activation and 25% mol KO t Bu base promoter. To achieve moderate-to-good yields A-Co-1 required 50 bar H 2 pressure and a reaction temperature of 130 1C. The same catalyst was later shown to promote nitrile hydrogenation to primary amines. 80 Similar to the case of ester hydrogenation, nitrile reduction with A-Co-1 required NaHBEt 3 for operation as well as moderately low 4.4% mol loading of sodium ethoxide.
Significant improvement in the selective Co-catalysed hydrogenation of ketones and aldehydes was later reported by Kempe and co-workers. 81 An easily accessible complex M-Co-1 ( Scheme 8) was identified as the most active among its dichlorocobalt(II) PNP analogues with a varied substitution pattern. Catalyst M-Co-1 was active in THF and 2-methyl-2-butanol at room temperature at 20 bar H 2 . At 0.25-3% mol loadings, excellent yields in the hydrogenation of ketones and aldehydes were obtained for the majority of substrates. The authors also demonstrated excellent tolerance of this catalyst system to aromatic and aliphatic N-heteroatom functional groups, halides, unsaturated CQC bonds in conjugation with a reduced carbonyl group as well as remote CQC functions. A more challenging ester hydrogenation was recently established with the Co catalyst by the group of Jones. 82 Using the C-Co-2 catalyst that essentially is a product of Brookhart acid addition to C-Co-1 the authors managed to perform ester hydrogenation in an additive-free manner. Catalytic tests were performed at 55 bar H 2 at 120 1C in THF to yield the corresponding alcohols. Very importantly, the authors observed very similar activities produced by C-Co-2 and its N-methylated counterpart, suggesting a non-bifunctional mechanism for hydrogenation of esters, while the NH-Co cooperation was anticipated for the alcohol dehydrogenation with the same catalyst. 83 A large body of work on Co-catalysed hydrogenations relied on the use of tri-and tetradentate P-donor ligands colloquially known as tri-and tetraphos. Elsevier, de Bruin and co-workers 84 utilized an in situ prepared Co/triphos catalyst M-Co-2 (Scheme 8) for the hydrogenation of carboxylic acids and their esters. Operating at 80 bar H 2 pressure and 100 1C, the authors used 5-10% mol Co loadings to convert esters with good yields. No retention of the CQC function was observed in these reactions. More importantly, carboxylic acids, that are more challenging for a homogeneous catalyst to hydrogenate compared to their esters, 8 could be converted under the same conditions in the absence of any additives at a lower catalyst of Mn hydrogenation catalysis development is exemplified by the great number of works published on the topic in less than a year since the initial discovery including recent comprehensive reviews on the application of Mn complexes in organic synthesis. [89] [90] [91] The first example of a defined Mn hydrogenation catalyst was disclosed by the group of Beller, who reported the manganese aminopincer family of catalysts C-Mn-1 (Scheme 10) that were active in the hydrogenation of aromatic and aliphatic nitriles, ketones and aldehydes. 92 A slightly more active, compared to its counterparts from the same family, catalyst C-Mn-1a with isopropyl substituents on the phosphine donor groups was extensively characterized in a reactivity survey that demonstrated deprotonation and metal-hydride species formation common for Ru and Fe aminopincers with the C ligand family. The catalyst operated at 1% mol loading in the hydrogenation of ketones and aldehydes and 3% mol loading in nitrile hydrogenation with roughly 3 equivalents of NaO t Bu base additive per metal loading at 100-120 1C and 30-50 bar H 2 pressure. Later work by the same group expanded the scope of related Mn pincers to ester hydrogenation catalysis. 93 Interestingly, catalysts C-Mn-1 were only moderately active in the hydrogenation of methyl benzoate at temperatures up to 120 1C and H 2 pressures up to 80 bar at 2% mol catalyst loading. However, the use of less bulky C-Mn-2,3 catalysts allowed reaching excellent yields under significantly milder conditions. Another example of Mn catalysts with an amine centred pincer ligand was described by Clarke and co-workers. 94 At 1% mol catalyst M-Mn-2 provided excellent yields in asymmetric ketone hydrogenation and hydrogenation of esters to the corresponding alcohols. Interestingly, the reduction of both substrates was performed in alcohol solvents -ethanol for ketones and isopropanol for esters -which is typically challenging for common Ru-based catalysts. Notably, reduction of ketones was performed with high stereoselectivity allowing for ee typically over 70% and reaching 91% in particular cases. A recent report by Beller and co-workers 95 expanded the utility of C-Mn catalysts to asymmetric hydrogenation of ketones. Bu the hydrogenation of the model substrate yielded 98% of the alcohol product, the decrease of the base concentration to 10% mol resulted to a drop of the yield to 66%. It was demonstrated that the variation of the reaction temperature could not improve the catalysis, while the introduction of additional base to the stalled catalytic reaction reanimated the catalytic system and enabled further reduction of the ester until full conversion was reached.
First examples of Mn catalysts with pincer ligands having an aromatic backbone were reported shortly after the disclosure of the C-Mn catalyst family. A potent catalyst A-Mn-1 (Scheme 10) disclosed by Milstein and co-workers 97 was shown to hydrogenate esters to the corresponding alcohols at 20 bar H 2 pressure and 100 1C in the presence of 1% mol catalyst, which can be regarded as an improvement over the productivity of the C-Mn catalyst family. An interesting feature of the ligand design in A-Mn-1 is the presence of the secondary amine donor in the PNN H pincer, which undergoes deprotonation yielding an amido complex A-Mn-2 upon reaction with KO t Bu. It was noted that the nature of the base promotor had a profound impact on the catalytic behaviour of A-Mn-1 with stronger KH base being superior to KO t Bu and KHMDS bases used at 2% mol loading during the catalytic testing. Importantly, the amido complex A-Mn-2 showed catalytic activity under base-free conditions. This suggested that the base additive during catalysis with halide complex A-Mn-1 was necessary to activate the catalyst and allow for further formation of the catalytically active Mn hydride species. A detailed investigation by Kempe and co-workers 98 on
Mn-catalysed ketone hydrogenation revealed the importance of the oxidation state of the Mn centre and auxiliary ligands bound to it. The authors found that while catalysts M-Mn-1 were competent ketone hydrogenation catalysts, with M-Mn-1b being the most active, the replacement of Mn(I) with the Mn(II) carbonyl free metal centre leads to inactive catalysts. Strikingly, even when Mn(II) was reduced, the resulting carbonyl-free Mn(I) species remained inactive in ketone hydrogenation under the studied conditions.
As a recent phenomenon, Mn-catalysed homogeneous hydrogenation has made great progress in a timeframe significantly shorter than that for Fe and Co catalysis. Substrate scopes and ligand systems utilized for these Mn-promoted H 2 reductions are very similar to those for Fe and Co. The low catalytic activity remains the major drawback of the current state-of-the-art in manganese based hydrogenation (Scheme 11).
Transfer hydrogenation
Alternatives to the use of molecular H 2 for reduction are transfer hydrogenation techniques. Instead of pressurized gas they rely on the use of hydrogen donor molecules -isopropanol, formic acid, ammonia borane and others. Recent reviews 9 extensively discuss transfer hydrogenation catalysis with a particular emphasis on the use of noble metals and Fe-based catalysts. Therefore, below we will focus predominantly on Mn-and Co-based systems, while the discussion on Fe catalysts will be limited to only the key seminal works.
3.2.1. Iron. Iron catalysts developed by the group of Morris were among the first active Fe transfer hydrogenation catalysts. Similar to M-Fe-0 (Scheme 6) complex TH-Fe-1 (Scheme 12) was found to promote asymmetric transfer hydrogenation of ketones and imines at room temperature in isopropanol at 0.5% mol loading. Enantiomeric excess in these hydrogenations remained at 8-33% level for the majority of the substrates. 51 A later improvement from the same group came with the development of complex TH-Fe-2 that was formed via the template synthesis approach. This catalyst allowed for outstanding TOF values up to 4900 h À1 in the room temperature transfer hydrogenation of ketones to alcohols with up to 99% ee. 99 Further modification of the same family of catalysts yielded TH-Fe-3 family of compounds where the PNNP ligand was having a mixed amine/imine backbone and a chloride ligand instead of the previously utilized neutral acetonitrile ligand. evaluated its activity at room temperature in THF/isopropanol solvent mixtures at 2% mol loading. C-Co-2 was capable of transforming ketones, aldehydes and imines to the corresponding alcohols with excellent yields and showed good tolerance to halide, amine and ether functional groups, but still fully reduced olefin functionalities conjugated with the carbonyl moiety.
Cobalt catalysts developed by Zhou and Liu and co-workers 103 show remarkable reactivity in the transfer hydrogenation of nitriles. Catalysts TH-Co-1 and -2 both utilized ammonia borane as both hydride and proton donor but showed different activity towards the reduction of nitriles. TH-Co-1 operated at 50 1C in hexane and at 1% mol loading it was capable of reducing aromatic and aliphatic nitriles to primary amines with excellent tolerance to functional groups including halides, ethers, thioethers and esters. Catalyst TH-Co-2 operating in HPIF solvent was capable of converting nitrile substrates at room temperature to symmetric secondary amines. In the presence of a primary or secondary amine, the reduction of nitriles with TH-Co-2 results in the alkylation of the former to produce unsymmetrical secondary and tertiary amines. Finally, combination of both catalysts allows stepwise synthesis of tertiary amines with three different substituents starting from several nitriles (see corresponding section in ESI †). The authors found that N-substituted analogues of this Co catalyst showed similar activities in reactions yielding primary and secondary amines, thus evidencing a non-bifunctional mechanism. 3.2.3. Manganese. Transfer hydrogenation with manganese catalysts has also been recently established. A comprehensive study by Beller 104 and co-workers described a series of Mn catalysts for transfer hydrogenation based on several prominent ligands.
The authors found that while catalyst C-Mn-1-a (Scheme 12) showed a rather moderate activity, its less bulky analogues C-Mn-1-b and C-Mn-2 were significantly more active and provided a nearly full acetophenone conversion under similar conditions. This observation is in line with the activity difference noted for the ester hydrogenation catalysis 93 suggesting the importance of the steric properties of the PNP aminopincer ligands C for the hydrogenation activity of Mn-PNP pincers. Interestingly, the authors disclosed aminopincer catalysts TH-Mn-3a,b based on an N-donor-based NN H N aminopincer that outperformed the phosphine based analogues by operating at lower catalyst loadings of 1% mol and requiring a lower amount of KO t Bu additive. Strikingly, catalyst TH-Mn-3b having the methylated tertiary amine central donor was also an active transfer hydrogenation catalyst despite being not capable of NH-induced metal ligand bifunctional behaviour. In strong contrast to conventional hydrogenation catalysis, transfer hydrogenation with Mn does not rely entirely on the use of strong donor ligands as demonstrated by TH-Mn-3 (Scheme 12) pincers. Furthermore, bidentate ligands can also enable an efficient catalysis. A simple Mn catalyst TH-Mn-2 with an aminomethyl pyridine NN chelate disclosed by Sortais and co-workers 105 was shown to achieve excellent TOF values up to 3600 h À1 at 0.5% mol catalyst loadings operating in isopropanol at either 80 1C or room temperature. Room temperature operation required a prolonged reaction time of 16 hours compared to 20 minutes time necessary to achieve a full conversion at 80 1C. The authors have shown that the presence of the primary or secondary amine was critical to obtain an active catalyst as the full substitution at the amine donor led to a drastic drop in the catalytic performance. A major improvement in enabling stereoselectivity in Mn-promoted transfer hydrogenation was described by Zirakzadeh, Kirchner and co-workers 106 using an iminopincer PNP ligand modified with a ferrocenium sidearm (TH-Mn-1, Scheme 12). The authors reported asymmetric transfer hydrogenation of acetophenone with ee up to 85% using TH-Mn-1 or its monohydride analogue operating at room temperature in isopropanol solvent Scheme 12 Transfer hydrogenation catalysts introduced in Section 3.2 and the comparative summary of their performance. Types of transformations described for each particular catalyst are indicated with the subsection label. For the full substrate scopes see the ESI. † with 2-4 equivalents of KO t Bu additive. A broad range of aromatic ketones could also be successfully converted under similar conditions with conversions of 60-96% and ee values up to 85% for the majority of the substrates.
Transfer hydrogenation stands out among other catalytic reactions described in this review as it is the first class of reactions where base metal catalysts were shown to be highly competitive. The activity of Fe based TH-Fe-X and TH-Mn-2 catalysts (Scheme 12 and ESI †) reached several thousand turnovers per hour -values that match or exceed those of the noblemetal dominated state of the art. 9 A particularly important feature of TH-Mn-2 is the absence of strong phosphine donors that are commonly used in such catalysts. The use of the N-only ligand motif renders TH-Mn-2 very practical considering low ligand and metal costs and outstanding activity.
Sustainable chemistry with C1 and small molecules substrates
Catalytic hydrogenation processes can be classified according to their potential applications. 
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A large body of work was dedicated to the activity of iron aminopincer catalysts with C-type ligands in the hydrogenation of CO 2 and formate dehydrogenation with a particular focus on the highly beneficial effect of Lewis acid additives on these transformations 112 that, in a broader context, 113 attracted significant attention of the homogeneous catalysis community.
Hazari and Bernskoetter and co-workers reported on the use of catalysts similar to C-Fe-1-4 (Scheme 13) for hydrogenation of CO 2 in THF in the presence of DBU at 80 1C. Interestingly, the authors found that methylation of the central secondary amine in ligands C furnished significantly more active catalysts C-Fe-5-8 capable of reaching TOF values over 23 000 h À1 making in total nearly 60 000 turnovers. In all the cases the addition of Lewis acids to the reaction mixture proved highly beneficial with LiOTf being the most potent promoter compared to Na and K triflates. 114 The promoting effect of the Lewis acids on the Fe aminopincer catalysis has been described in earlier works on the reverse process, namely, the dehydrogenation of formic acid. Hazari and Schneider and co-workers 115 reported the use of catalyst C-Fe-9 in combination with LiBF 4 in dioxane at 80 1C leading to one of the best formic acid dehydrogenation catalysts reported to date. This catalytic system exhibits outstanding TOFs of 4196 000 h À1 and provides a stable performance for almost a million turnovers. The catalyst required no external base additive for operation, which further rendered it superior to the vast majority of the noble metal counterparts. The representatives of the aminopincer catalyst family can promote methanol dehydrogenation which is considered a significantly more difficult process. First demonstrated by Beller and co-workers 116 using C-Fe-1 (Scheme 13) and its bromide analogue, the performance of Fe-aminopincers was later improved by the group of Hazari, Bernskoetter and Holthausen, 117 who developed a base free protocol for methanol dehydrogenation employing a similar C-Fe-9 in combination with Lewis acid promoter LiBF 4 . As a result, the authors obtained a highly Aminopincer complexes of Co, C-Co, were also shown to hydrogenate CO 2 to formates. A report by Bernskoetter and co-workers 41 described the activity of precatalyst C-Co-3 in the presence of LiOTf Lewis acid that was crucial for the catalytic performance. Combination with the DBU base promoter and acetonitrile solvent was found to provide the best catalyst productivity that amounted to ca. Bu additives at 150 1C in toluene solvent. Primary and secondary amines were converted to the corresponding formamides in the presence of the M-Co-8 (Scheme 13) catalyst at 5% mol loading. Interestingly, catalysts with lutidine-based PNP pincer ligands ACo-2,3 and bipyridine-based M-Co-9 showed good activity as well, while PNN complex A-Co-1 featuring the secondary amine sidearm was inactive. An important observation made by the authors suggests the active species to be Co(I) species formed from the Co(II) precatalyst upon treatment with NaHBEt 3 . The proposed active catalyst species were isolated and shown to be active in the absence of NaHBEt 3 additive.
3.3.3. Manganese. Hydrogenation of CO 2 by Mn catalysts was discovered very recently by several groups. The first example of an active catalyst for hydrogenation of CO 2 to formates and amine formylation was reported by Khusnutdinova and co-workers in 2017. 127 A simple bis-hydroxy bipyridine-based complex M-Mn-4 The latest example of a sustainable transformation promoted by Mn catalysts was reported by Liu and co-workers. 129 An extensive study using several Mn catalysts identified C-Mn-1a (Scheme 13) as an excellent catalyst for ethanol upgrading that proceeds through dehydrogenative coupling and subsequent hydrogenation to 1-butanol. The authors unravelled a complex catalyst interconversion network and identified a series of intermediates in this transformation that was ultimately performed with over 114 000 catalytic turnovers at an average TOF of 3078 h
À1
; this is a truly staggering performance for a base metal catalyst operating at 8 ppm loading at 165 1C.
Apart from the example of C-Mn-1a above, small molecule chemistry has benefited greatly from the base metal catalysis in the recent years (Scheme 14). Cobalt catalysts have been shown to promote the hydrogenation of CO 2 to formates at very high TOFs and iron catalysts using C-type aminopincer ligands are currently among the most active formic acid dehydrogenation catalysts capable of base-free operation.
Dehydrogenation and dehydrogenative coupling reactions
In the final part of Section 3 we will discuss dehydrogenative transformations catalysed by base metal species. These reactions can be performed in a simple setting, e.g. producing ketones from alcohols with hydrogen liberation, or can form convoluted reaction networks where dehydrogenated substrates and liberated H 2 can participate in consecutive reactions. These reactions, studied in detail for noble metal catalysts, 10 are becoming increasingly important synthetic tools and currently utilize a large number of base metal catalysts. 3.4.1. Iron. Iron catalysts active in hydrogenation processes producing alcohols, e.g. via ester hydrogenation, were soon found to catalyse the reverse acceptorless dehydrogenation reaction. The group of Jones that earlier described Fe-catalyzed N-heterocycle dehydrogenation 131 found that catalyst C-Fe-1 (Scheme 6) or its amido analogue C-Fe-4 dehydrogenate secondary alcohols to ketones and couple primary alcohols via an acceptorless dehydrogenative pathway to form esters. 132 Diol substrates could also be converted to lactones using the same catalysts at moderate 0.1-1% mol loadings in refluxing toluene or THF. Similar catalysts were later found to promote dehydrogenation of glycerol in the presence of alkali hydroxides to form lactic acid salts (Scheme 16). 133 Complexes C-Fe-1, 4 and 9 were found to be the most effective among other analogues with different substitution patterns and provide the lactate formation TONs up to 1050 at varied loadings as low as 0.004-0.2% mol . Amine substrates can also undergo dehydrogenative coupling in Fe-catalysed transformations. Beller and co-workers reported that C-Fe-1 can be used to catalyse the synthesis of lactones and lactams through dehydrogenative transformation of diols or aminoalcohols (Scheme 16). 134 Bernskoetter and co-workers 135 recently described the use of the C-Fe-4 catalyst for dehydrogenative amidation of primary alcohols including methanol with secondary amines to yield the corresponding amides with good TON values up to 790. Iron complexes with aromatic backbones also readily catalyse dehydrogenative coupling reactions. Among the most recent examples, Milstein and co-workers disclosed catalyst M-Fe-5 promoting aldimine formation via the hydrogenative coupling of nitriles and amines. 136 At 60 1C and 10-20 bar H 2 , catalyst loadings of 1% mol were sufficient for the selective formation of a wide range of aromatic and aliphatic aldimines. Triazine 137 and diaminopyridine 138 based Fe(II) pincers, e.g.
B-Fe-1, developed by Kirchner and co-workers were also found to catalyse amine/alcohol couplings to yield secondary amines. Interestingly, non-pincer complexes, e.g. M-Fe-2, are potent dehydrogenative coupling catalysts as well. Feringa and Barta and co-workers reported this catalyst to efficiently promote alkylation of aliphatic or aromatic amines with aliphatic alcohols and diols. 139 In the latter case the coupling leads to the cyclic amine (Scheme 16). The catalyst was shown to operate at 5% mol loading at 120-130 1C and required trimethylamine N-oxide additive for activation. Further work by Barta and co-workers extended the utility of M-Fe-2 to the alkylation of secondary and primary amines with benzyl alcohol derivatives 140 and elegant synthesis of pyrroles from primary amines and unsaturated diols (Scheme 16). 3.4.2. Cobalt. Co catalysis for a more complex coupling chemistry has been developed in the last few years. The aminopincer catalyst C-Co-2 (Scheme 8) that was introduced earlier and described as a potent alcohol dehydrogenation catalyst 83 was soon found to catalyse coupling of amines and alcohols to form imines with liberation of H 2 and water (Scheme 16). 142 The reaction was proposed to proceed through the initial alcohol dehydrogenation step. The catalyst typically operated at 1% mol loading at 120 1C in toluene and was formed in situ from C-Co-1 species. Zhang and co-workers 143 later demonstrated that alcoholamine coupling mediated by C-Co-2 can yield secondary amines instead of imines if the reaction was performed in the presence of molecular sieves. Catalyst loadings of 2% mol were required to obtain a variety of secondary amines in good to excellent yields Bu or molecular sieves. Interestingly, the activity was not restricted to Co(II) species; related Co(III)PCP catalysts also showed catalytic activity, although inferior to that of Co(II)PCPs.
Alcohols can also be used for a-alkylation of ketones in Co-based catalysis (Scheme 16). Zhang and co-workers demonstrated that the C-Co-2 catalyst can be utilized in a multistep reaction involving dehydrogenation, aldol condensation and subsequent hydrogenation steps. 145 Finally, the same group of authors later showed that amine homocoupling to produce secondary and cyclic amines using C-Co-2 was also possible under similar conditions.
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Before the implementation of C-ligated cobalt pincers, the ''hydrogen'' borrowing strategy, i.e. sequential dehydrogenationcoupling-hydrogenation, was applied to amine/alcohol coupling by Kempe and co-workers, 147 who used M-Co-10 (Scheme 15) and related catalysts with varied substitution patterns for the alkylation of different aromatic amines. The authors employed M-Co-10 at 2% mol loading in toluene in the presence of the KO t Bu promoter with no molecular sieves required (in contrast to C-Co-2). Very recently, a related Co catalyst M-Co-11 was shown to promote alkylation of secondary alcohols with primary ones at 2-5% mol loadings in the presence of 1.1 equivalents of KHMDS per substrate (Scheme 16). 148 A more challenging C-alkylation of amides and esters known to be promoted by noble-metal catalysts 149, 150 was recently demonstrated by Deibl and Kempe. 151 Amides were converted in the presence of 2.5% mol M-Co-10 catalyst in THF at 100 1C while alkylation of esters was done with M-Co-11 in toluene at 5% mol loading. For both reactions, the addition of 1.2-1.5 equivalents of KO t Bu was necessary to promote the alkylation. Dehydrogenative coupling promoted by Co took a step further when Milstein and co-workers demonstrated that 1,4-diol and primary amine can be coupled to produce a 1,2,5-substituted pyrrole with liberation of hydrogen and water. N-alkylated succinimides and phthalimides were methoxylated at the C2 carbonyl group to produce 2-methoxy functionalized products (Scheme 16). Interestingly, intramolecular alcoxylation was also possible when the starting cyclic imide was N-substituted with a 3-hydroxypropyl unit. The same group later extended their scope of Co-catalyzed transformations to C3-alkenylation of indoles with carboxylic acids in a hydrogen atmosphere using a Co(acac) 3 /triphos catalyst. 154 3.4.3. Manganese. After the first reports on the activity of manganese pincer catalysts in hydrogenation reactions, dehydrogenation and dehydrogenative coupling applications of Mn catalysts were soon described. Alkylation of amines with alcohols to produce secondary amines was shown to be promoted by a series of Mn catalysts including C-Mn-1a and b, C-Mn-2 and TH-Mn-3a (Schemes 10 and 12) . 155 Catalyst C-Mn-1a
Pr substituents was found to be superior to the rest of the tested samples in promoting the alkylation of various aromatic amines with benzyl and methyl alcohols. Notably, the authors used a large amount of the KO t Bu (75% mol ) base additive that was found to be superior to carbonates, hydroxides and other alkoxide. Operating at 80 1C at 3% mol loading catalyst C-Mn-1a allowed near quantitative yields of benzyl amines and good yields in alkylation of anilines with several other alcohols. It was also shown that C-Mn-1a can be employed for the a-alkylation of ketones with primary alcohols (Scheme 16). 156 Mn-catalyzed coupling of amines and alcohols can be halted at the aldimine formation stage when no further hydrogenation takes place to yield an amine product (Scheme 16). The group of Milstein 157 reported the use of a lutidine-based Mn pincer A-Mn-3 (Scheme 15) capable of promoting amine-alcohol coupling to yield aldimines and molecular H 2 and water at 135 1C at 3% mol loading. Although reactions were performed in sealed vessels, no further hydrogenation of aldimines was observed and selectivity of the transformation was within 70-100%. Comparing these results to an open vessel reaction revealed no impact of a hydrogen pressure buildup on the transformation, suggesting no plausible hydrogenation pathway promoted by A-Mn-3. Interestingly, catalyst A-Mn-2 that features the NH function on the sidearm was also active in diol/ primary amine coupling but instead produced cyclic imides. 158 Mn pincers based on a 2,6-diaminopyridine scaffold B were also shown to be potent catalysts for coupling amines and alcohols. Aldimine formation was promoted by catalyst B-Mn-1 (Scheme 15) under conditions similar to those utilized for a lutidine-based A-Mn-3 catalyst. 138 Unlike the iron complex B-Fe-1, the isoelectronic B-Mn-1 was fully selective for aldimine formation while Fe-catalysed coupling led to amines, thus, being hydrogenative. Formylation of amines using methanol can also be promoted by manganese pincers. Milstein and co-workers 159 disclosed catalyst M-Mn-4 that features a modified PNP aminopincer ligand. In methanol solvent at 110 1C, the disclosed catalyst required a 2% mol loading for near quantitative conversions of starting amines with yields of 50-86% depending on the substrate. The same catalyst was found to be highly active in the ''dehydrogenative deoxygenation'' of alcohols 160 a combination of alcohol dehydrogenation to produce an aldehyde and subsequent Wolff-Kishner reduction of the aldehyde with hydrazine (Scheme 16). The same catalyst M-Mn-4 was shown to be superior to related A-Mn-2 and 3 in the latest report describing a-olefination of nitriles with primary alcohols as co-substrates. In sharp contrast to noble metal promoted alcohol/nitrile couplings producing saturated a-substituted nitriles, [161] [162] [163] catalysis by M-Mn-4 furnishes a,b-unsaturated products when operating at 4% mol loading in a closed-vessel setup at 135 1C in toluene solvent. 164 The use of methanol as a coupling agent was also explored by Kirchner and co-workers, who described an elegant aminomethylation protocol for the conversion of aromatic compounds into their methyleneamine derivatives (Scheme 16). 165 Catalyst B-Mn-1 (Scheme 15) introduced earlier was active at 4% mol loading and selectively provided amine products, while the isoelectronic analogue B-Fe-1 mainly promoted the methylation reaction. Mn catalysts were recently shown to promote acceptorless dehydrogenative coupling of alcohols producing esters and H 2 . Gauvin and co-workers 42 reported on the use of the C-Mn-5
(Scheme 15) catalyst operating at temperatures of 110-150 1C under base-free conditions. The extensive mechanistic study performed by the authors will be described in Section 4.
One of the latest reports on Mn-promoted dehydrogenative transformations makes use of the M-Mn-1a (Scheme 10) catalyst in a sophisticated coupling of primary alcohol, secondary alcohol and amidine to yield a variety of pyrimidines with highly complex substitution patterns (see Scheme 16) . 166 Operating at moderate loadings of 2% mol the catalyst could promote a three-component coupling with synthetically viable yields typically to the extent of 60-70%. At a higher loading of 5% mol even four-component coupling yielding fully substituted pyrimidine products was possible.
Mechanistic aspects of (de)hydrogenation
A solid base of mechanistic works on base metal promoted (de)hydrogenations has been formed in the last few years. Either integrated into experimental study or being fully theoretical investigations these works are of crucial importance for understanding the principles underlying the catalytic reactivity. Relying in part on the extensive and well-established knowledge of Ru catalysis, mechanistic works discussed in this section grew more complex with the involvement of the base metal catalysis. One of the reasons for this is that instead of one noble metal, three base metals currently promote similar transformations. The intrinsic differences between Fe, Co and Mn and their impact on the catalytic performance are perhaps the most intriguing topic in the following mechanistic investigations. In this section we will highlight recent findings regarding the reactivity and mechanistic analysis of base metal (de)hydrogenation catalysis.
Aromatic pincers: chemically divergent catalysis and involvement of bifunctional action
One of the direct consequences of having different metals promoting similar reactions is their divergence in catalytic performance.
The work reported by Kirchner and co-workers provides a good example of this phenomenon. 138 As described above, the authors found that alkylation of amines with alcohol yields imines in the manganese catalysed process, whereas the isoelectronic iron catalyst yields amines as the sole product. The reaction pathway for the manganese-catalysed reaction was studied using DFT calculations (Scheme 17). The authors assumed a bifunctional mechanism operative in this case and the highest barrier While the manganese catalyst formally promoted the oxidation of alcohol to ketone that further formed the imine product upon water liberation, catalysis by iron complexes was proposed to promote further reduction of imines via a mechanism similar to that earlier disclosed for ketone hydrogenation. 34 Most remarkably, the iron catalysed reduction is proposed to proceed via a fivecoordinated A Fe rather than trans-dihydride complex B Fe marking a strong contrast to the report by Yang 167 pointing out the intermediacy of trans-dihydrides in acetophenone hydrogenation that does not involve ligand participation. A similar behaviour was observed in related CO 2 hydrogenation Ru-PNP catalysts. 168 The key feature of the chemical divergence in the B-Fe/Mn catalyst family is the apparent inactivity of the Mn catalyst in imine hydrogenation also noted for another related Mn system including A-Mn-3 PNP pincer. 157 The activity of C-type Mn aminopincers described in Section 3.4.3 of this Review adds another dimension to the complexity of base metal catalysis as the majority of C-Mn pincers favour formation of secondary amines, but not the imines. 155 Finally, cobalt aminopincer C-Co-2 provides an example of chemical divergence controlled solely by the reaction conditions.
In the presence of molecular sieves the amine-alcohol coupling produces amines. 146 In the absence of molecular sieves when B-Mn catalysts lose a great fraction of their activity C-Co-2 promotes clean formation of imines.
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Cases of divergent catalytic activity can be observed for catalysts containing the same metal centres but bound to different ligands. A good example of this behaviour is ketone and aldehyde hydrogenation by Fe-PNP pincers (Scheme 18). As described above, catalysts A and B-Fe reduce both substrates if bifunctional behaviour is enabled by the ligand structuree.g. in complexes B-Fe-1 and A-Fe-1. When the cooperative function of the PNP ligand is blocked by substitution (B-Fe-2) or complete replacement of the cooperative motive (Fe-POCOP 169 ) the carbonyl reduction is selective to aldehydes and does not transform ketones.
The involvement of metal-ligand bifunctional transformations in noble metal catalysis has been extensively studied and heavily debated. 27, [170] [171] [172] [173] Mechanistic studies of the Fe-PNP-catalysed chemoselective reduction of aldehydes in the presence of ketones were conducted by the authors of the original reports as well as by independent groups, 33,34,167 but were not able to find a clear consensus on the nature of reduction selectivity and, importantly, the active species in catalysis. A recent mechanistic study by Morello and Hopmann 174 integrates previous findings and elegantly tackles this challenge by identifying two reaction pathways operative in aldehydeselective and general carbonyl reduction cases. In both cases Fe cis-dihydride complex (Scheme 18) is assumed to be the active species. The bifunctional mechanism D (Green path, Scheme 18) involves a hydride transfer to the carbonyl substrate followed by a proton transfer from the ligand sidearm to the bound alkoxide ligand. This leads to the alcohol release and the formation of a five-coordinate intermediate. The latter coordinates H 2 to facilitate its heterolytic dissociation assisted by an alcohol product resulting in the regeneration of the initial dihydride complex.
For the non-bifunctional pincers the reaction also starts with the Fe-alkoxide formation (Mechanism C, blue path, Scheme 18). The alkoxide-metal bond is then cleaved with the concomitant insertion of a dihydrogen molecule, which is then readily split heterolytically with the hydride taken up by the metal centre and the proton transferred to the product. As the authors rightfully noted in the paper ''iron-alkoxide has earlier been dismissed in computations on FePNP
CH2
, because its formation would result in an increase of the hydrogenation barrier'', however, ''the low energy of the iron-alkoxide intermediate and the low barrier for its formation make it very likely that this intermediate will be formed'' thus making a convincing case for the intermediacy of the Fe-alkoxide species in either mechanism C or D. The authors concluded that the relative stability of Fe-alkoxide compared to that of irondihydride can be the main selectivity-determining factor. It was observed that non-bifunctional catalysts form alkoxides that are typically less stable than the initial dihydride, whereas bifunctional catalysts form stable alkoxide complexes. Consequently, increased hydrogenation barriers lead to reduced selectivity in line with intrinsic substrate reactivity, which is higher for aldehydes and activated ketones.
Aminopincers: substrate activation complexity and relation to Ru catalysis
Aminopincer base metal catalysts have also been subjected to thorough mechanistic studies that revealed a complexity of catalytic performance of C-Fe, Co, Mn species sometimes described as ''uncanny''. 175 Among representative examples are Fe aminopincers shown to promote dehydrogenation and hydrogenation of N-heterocycles 131 that were later found to adopt different dehydrogenation pathways depending on the C-N bond polarity in the substrate. Bellows showed that more polar C-N bonds are dehydrogenated through a stepwise mechanism while relatively unpolarised C-N bonds are dehydrogenated in a concerted manner. 175 Interestingly, the methylation of the central NH amine in C led to a complete loss of dehydrogenation activity, while the opposite took effect in C-Fe catalysed CO 2 hydrogenation reported by Hazari and Bernskoetter and co-workers, who described the methylation of the aminopincer ligand to provide a significantly more active hydrogenation catalyst. 114 The understanding of C-aminopincer-based catalysis has progressed in recent years in part due to the presence of a large number of works addressing closely related reactions. This allowed the authors to provide extensive comparison between several state-of-the-art systems in a unified framework. An elegant example of such synergy is the extensive report by Gauvin and co-workers 42 on the C-Mn promoted acceptorless dehydrogenative coupling (ADC) of alcohols. In the mechanistic section of their report, the authors construct an ADC reaction network and carefully identify similarities and differences with Mn-, 92 Ru-17,176-178 and Fe-based 117, 132, 179 catalysts for ADC or reverse hydrogenation reaction. The authors proposed an amido complex C-Mn-5 (complex 1 in Scheme 19) to be the active species in the dehydrogenation cycle. Complex 1 was proposed to act as a hydrogen acceptor leading to the formation of the aldehyde product and a hydride complex 2 (Scheme 19). The authors observed the reversible reaction between 1 and the alcohol substrate that protonates the amide nitrogen and yields a more stable Mn-bound alkoxide complex. However, the authors found no direct reaction pathway yielding the aldehyde product from this alkoxide complex and proposed that alkoxide formation merely ''masks'' the active species. The catalytic cycle is further closed by the hydrogen elimination from hydride 2. The aldehyde was further proposed to be converted to a hemiacetal that is dehydrogenated to an ester in a similar cycle. Similar to the Ru-catalyzed ester hydrogenation, 16 the authors experimentally observed the intermediate aldehyde formation that additionally justifies their mechanistic proposal. Although hemiacetal formation was not discussed in detail, Jones and Schneider 132 in their study on the C-Fe system identified several mechanisms including direct aldehyde-alcohol coupling as well as substrate-assisted and metal-catalysed generation of hemiacetal among which the metal catalysed path was favoured by a significant margin. This observation makes an important addition to the ADC and ester hydrogenation chemistry, as the non-catalysed hemiacetal formation or decomposition, often implied in the catalytic cycles throughout the field, is not necessarily a facile process that can be omitted.
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The DFT-computed reaction pathway for Mn-promoted dehydrogenation (Scheme 19) features two steps that are energetically demanding. First one is the alcohol dehydrogenation sequence (Scheme 19, 1-EtOH -2-H, 17.9 kcal mol À1 ) leading to the aldehyde formation and generation of metal hydride aminopincer 2-H. The second event includes the dehydrogenation of 2-H to regenerate the active species and produce H 2 . Two pathways -unassisted and substratepromoted -were identified for this metal-ligand cooperative transformation. The substrate-promoted dehydrogenation had a somewhat lower barrier of 19.4 kcal mol À1 that was the highest overall barrier in a computed mechanism. The presence of two closely matched energy demanding steps in Mn-catalyzed ADC marks a significant difference with Ru and Fe systems that feature a significantly lower alcohol dehydrogenation barrier compared to that for H 2 release.
Metal oxidation state -cobalt and manganese
A remarkable feature of base metals that distinguishes them from late transition metals is the accessibility of multiple oxidation states that can show drastically different catalytic activity. For example, the Co/triphos precatalyst and its analogues are typically formed in situ from either Co(II) or Co(III) precursors. The group of Elsevier and de Bruin observed formation of Co(II) species that were proposed to be the resting state during carboxylic acid hydrogenation with Co/triphos. 84 On the other hand, Beller and co-workers observed the accumulation of Co(I) species in a related catalytic system utilizing a Co(III) metal precursor for nitrile hydrogenation. 88 Similar intermediacy of Co(I) species was also observed by Milstein and co-workers, who addressed the use of a series of Co(II) precatalysts in dehydrogenative coupling. The authors found that Co(I) was likely the actual active species in catalysis that was formed upon reaction of the Co(II) precatalyst with NaHBEt 3 additive. Independent verification using the isolated Co(I) catalyst confirmed this suggestion. This trend somewhat contrasts the observation that C-Co type catalysts disclosed by Zhang and Hanson (Section 3) are believed to operate as Co(II) species. In addition, an extensive study of Kempe and co-workers on CQO bond hydrogenation revealed that M-Co-1 remains in 2+ oxidation upon activation, likely preserving this oxidation state throughout the catalytic cycle. 81 Finally, Co catalysts for transfer hydrogenation were recently studied by Zhao and Ke and co-workers, 181 who identified the inner-sphere non-bifunctional mechanism as operational and, importantly, compared their findings to those for Fe catalysts that operate bifunctionally. The authors identified a high energy penalty for Fe catalysts to operate in the inner sphere and ascribed it to the tendency of Fe to maintain an 18 electron configuration that is in part stabilized by carbonyl ligands that are not present in the Co case.
The case of Mn catalysts may likely prove to be even more convoluted than that of cobalt as manganese tends to adopt a larger number of oxidation states. One of the notable recent works by Kempe and co-workers 98 highlighted the importance of maintaining the 1+ oxidation state of the manganese centre and demonstrated that dihalide Mn(II) species were catalytically inert. More strikingly, the reduction of Mn(II) to produce the carbonyl-free Mn(I) species does not enable catalytic activity, which additionally emphasizes the importance of auxiliary ligands for the activity of Mn(I).
Notable features of base metal catalysis -the role of additives and catalyst deactivation
With the large number of works addressing the base metal catalysis it became evident that additives and promoters are often critically important to improve the activity of these catalysts. In several cases described in this Review the magnitude of this effect is many-fold greater than that observed in noble metal catalysis. One of the earliest catalysts relying heavily on the additives were C-Fe aminopincers for dehydrogenation and hydrogenation catalysis. Bernskoetter and Hazari summarized the studies on the highly beneficial effect of Lewis acid (LA) additives in their recent account. 112 A truly outstanding performance of C-Fe in the abovementioned reactions was in large part defined by the LA promotion that was also demonstrated to be efficient in C-Co-promoted hydrogenations. 41 Another common additive in base metal catalysis, shared with their noble metal counterparts, is the basic promoter. Commonly, alkoxide bases are employed for the activation of precatalysts and triggering the bifunctional transformations that require rather low base loadings to the extent of few equivalents with respect to the catalyst. Several Mn-based catalytic reactions, however, require much higher base concentrations. The M-Mn-3 catalyst 96 shows elevated activity at 75% mol loading of KO t Bu that amounts to ca. 375 equivalents per metal site, indicating the potential involvement of base in the catalytic cycle. Comparable loadings of base can be found in Co catalysis -M-Co-11 catalysing alcohol alkylation required 1.1 equivalents of KHMDS. 148 Similarly high loadings of KO t Bu were also required by M-Co-10,11 to promote amide and ester alkylation. 151 Non-anionic bases are also often applied as additives in base metal catalysis. Nitrogen bases in particular were shown to perform several functions in enhancing the catalytic performance. For example, DBU base was successfully used as a basic promoter in CO 2 hydrogenation by a series of Fe and Mn catalysts and reduction of aldehydes by B-Fe-1a. 56 The latter case is a rare precedent where a nitrogen base can provide catalytic activity comparable to that achievable with anionic KO t Bu base. Interestingly, while room temperature activities of B-Fe-1a in the presence of KO t Bu and DBU were different, the performance of both base promoters was nearly identical at 40 1C which implies significantly different promotion mechanisms by anionic and neutral bases. Weaker bases like trimethylamine are also employed as additives. For example, NEt 3 was proposed to prevent the catalyst poisoning by neutralizing the carboxylic acid intermediates formed during the Fe-catalysed aldehyde hydrogenation. 52 Organic and inorganic bases together with borohydrides discussed in the previous section are the most common additives found in (de)hydrogenative catalysis. Although the exact role of these additives is often debated, the majority of works imply their involvement in catalyst activation. This activation may involve the reduction of the metal centres, as in the case of Co catalysts, or may trigger the metal-ligand bifunctional reactivity, necessary to bring the dormant precatalyst into the active cycle. Another example of the additive that is believed to be a catalyst activator is encountered in Fe catalysis, most notably, M-Fe-2. As this complex is a neutral tris-carbonyl one, decarbonylation step is necessary to liberate the vacant site and allow for the complex to function as a catalyst. A number of works demonstrated that selective and mild decarbonylation can be performed in the presence of trimethylamine N-oxide that can clearly be considered a catalyst activator. [139] [140] [141] An important feature of base metal catalysts that has only been addressed recently is the catalyst deactivation. Despite the tremendous hardship associated with conducting such studies, significant progress is being made to unravel the chemistry behind catalyst activation and deactivation. For example the stability of iron transfer hydrogenation catalysts closely related to TH-Fe-2 was found to depend strongly on the substitution pattern. 182 Namely, ligands with diethylphosphine donors were yielding less stable catalysts compared to diphenylphosphinebased analogues. The authors identified a major pathway for deactivation to be the partial or full reduction of the tetradentate iminophosphine ligand that was preferential for ethyl substituted complexes. Interestingly, the reduction of the iminophosphine ligand producing two metal bound NH ligands makes the complex catalytically inert despite the fact that one would expect the presence of the bifunctional NH-PR 2 chelate to enable the activity to some extent. An extensive work by Langer and co-workers 37 on C-Fe-catalysed amide hydrogenation provides another deep insight into catalyst (de)activation pathways. Apart from catalytic application itself, the authors studied the reactivity of C-Fe complexes towards dehydrogenation and activation by borane elimination (Scheme 20). Importantly, it was found that the ligand structure had a profound effect on the catalyst stability with less sterically demanding ligands being superior to the bulky PNP aminopincers. It was demonstrated that the increased bulk of the PNP ligand produces less solution-stable complexes that can undergo sequential dehydrogenation to form deactivated complexes 6 and 7 (Scheme 20). Complexes with low steric demand were shown to be activated via the BH 3 loss to form catalytically competent Fe dihydride species 4 that readily interconvert with isolable amido complex 5. The accessibility of 4, however, does not necessarily provide a stable complex as 4 can in fact lose hydrogen and decompose as well.
In addition, formation of inactive Fe(0) PNP complexes and the free ligand was observed by Langer in the case of C-Fe and A-Fe 33 hydrogenation catalysts, suggesting the reduction of the metal centre to be highly unfavourable.
Present standing and future prospects
In the last three years we have witnessed a tremendous burst in research devoted to base metal promoted catalysis. Especially remarkable is the surge in the catalytic systems using manganese that were disclosed within the last year, while the comparable base of reports took five years for Co-and nearly a decade for Fe-based catalysis to build up. To a large extent we owe this progress to the universal ligand platforms that allow using seemingly different metals in a surprisingly similar framework from a synthetic and a catalytic perspective. As a result, at this point nearly all (de)hydrogenative catalytic transformations accessible to noble metals can be promoted by at least one of the base metal catalysts based on similar ligand systems. This renders the demand for replacement of the noble metals in (de)hydrogenative catalysis with base metals well met indeed. Mechanistic investigations of the base metal catalysis have played a notable role in establishing the field at the current level. In particular, we have started to understand the origins of unusual selectivity patterns that distinguish base metal catalysts from their noble counterparts. However, as we inherited much of the methodology from the noble metal based catalytic systems, our outlook on the base metal chemistry under study may be limited. In this respect, deviation from the conventional mechanistic framework may bring about new exciting knowledge on the reactivity of base metals in catalysis that could have been overlooked. As we currently have numerous catalytic systems based on several distinctly different early transition metals, we may expect new mechanistic proposals to take root in the field.
With metals utilized in (de)hydrogenative catalysis becoming increasingly cheaper, the future incentive might be aimed at improving the ligands that still rely heavily on the use of strong phosphine donors. We believe that the development of simple yet efficient ligands based on C,H,N,O elements could be the next step towards making base metal catalysis practical. The use of cheap and simple ligands could generally justify lower activities of base metal catalysts. In addition, the rational ligand design also holds promise for improving the performance of base-metal catalysts in the first place. Indeed, while the well-established pincer ligand platforms could very rapidly furnish sound proof-of-principle catalysts, they often fell short in providing the activity matching that of noble metals, for which the conventional pincer ligands have been originally developed. In this respect, the development of new metaland reaction-tailored ligands is truly promising.
In recent years we have been given several examples of a departure from conventional ligands that was highly rewarding. This is best exemplified by the case of Fe catalysis that is now unmatched in transfer hydrogenation 100 and formic acid dehydrogenation reactions. 115 Having these reports as an inspiration we can expect the coming breakthrough in Co and Mn catalysis in the near future.
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